There have been reported several papers on the ionospheric F region perturbations prior to the 2008 Sichuan earthquake (EQ) (magnitude 8.0), but it seems that very few reports have been published on the characteristics of ground-based ULF (ultra low frequency) magnetic field variations for this EQ. This paper deals with two different aspects of ground-based ULF magnetic field variations: 1) ULF radiation from the lithosphere, and 2) depression of ULF horizontal magnetic field as a signature of lower ionospheric perturbations. ULF data from two Chinese stations [Chengdu (epicentral distance, 80 km) and Xichang (about 300 km away from the EQ epicenter)] are analyzed, with paying attention to the local nighttime period (LT = 22 h to 02 h, UTC = 14 h to 18 h) in order to avoid man-made noise. We have analyzed powers of the horizontal component (H 2 ), vertical component (Z 2 ), polarization as their ratio (Z 2 /H 2 ), depression of the horizontal component (as an inverse of horizontal magnetic field component power, 1/H 2 ) and δDep as a variation of depression at a particular frequency of 0.01 -0.02 Hz (10 -20 mHz). It is then found that there seems no clear signature of lithospheric ULF radiation. Whilst, the most evident fact is the finding of depression of ULF horizontal magnetic field at Chengdu a few days before the Sichuan EQ, which suggests that the lower ionosphere was perturbed before the EQ. The characteristics of the lower ionospheric perturbations are compared with those of upper ionospheric perturbations reported before.
Introduction
There has been accumulated a huge amount of evidence on the presence of electromagnetic precursors to the earthquakes (EQs) during the last few decades [1] - [6] . Some of those precursors are considered to be very promising for the short-term EQ prediction, especially perturbations in the lower ionosphere [7] and in the upper F region [8] , because there have been established close statistical correlations between those ionospheric perturbations and EQs based on the long-term data. Furthermore, much progress has been achieved on the mechanisms of those different seismogenic effects, though not completely understood [5] [6] .
In addition to the statistical studies, case studies for some EQs are still very important to understand the whole view of different electromagnetic signatures and then the lithosphere-atmosphere-ionosphere (LAI) coupling mechanism. We take the 2008 Sichuan EQ in China here as one of the most destructive EQs during the last decade. Several papers have already been published on this Sichuan EQ [9] - [13] . These are all based on the observational results on the perturbations in the upper ionosphere (F region) from the ground-based ionospheric sounders and GPS TEC measurements. Further studies on the perturbations on electron density, O + densities, ULF and ELF wave activity in the ionosphere have been performed by using the in-situ observations by different authors including [14] - [18] . As compared with various electromagnetic and plasma anomalies in association with the 2008 Sichuan EQ, there have been very few reports on the ground-based wave measurements. Especially, the analysis of geomagnetic ULF data is very lacking [19] , so that this paper presents our results of extensive analyses on the variation of ground-based ULF magnetic field changes.
As is known, lithospheric ULF radiation has been observed prior to large EQs, such as Spitak EQ [20] [21], Loma Prieta EQ [22] , and Guam EQ [23] . Recent studies on lithospheric ULF radiation have been summarized in [24] [25] . Another new nonconventional effect in ULF is discovered by Schekotov et al. [26] [27], which is vice versa of the above lithospheric radiation. That is the depression of ULF horizontal magnetic field component before an EQ, which is explained in terms of the enhanced absorption of magnetospheric ULF waves through the perturbed lower ionosphere [28] . This effect of seismo-ionospheric signatures has been recently confirmed even for the 2011 Tohoku EQ [28] [29] . These two aspects in ULF are treated together, by using the ULF data.
Description of the Sichuan EQ and of the ULF data
The 2008 Sichuan EQ or the Great Sichuan EQ happened at 02:28:01 pm Chinese Standard Time (or 06:28:01 UTC) on 12 May 2008 in the Sichuan province. Its magnitude was Ms = 8.0 (or Mw = 7.9) and its depth was 19 km. This EQ had a lot of casualties; about 70,000 people were killed, and about 18,000 were left missing.
The epicenter of this EQ is located at the geographic coordinates (31˚01'05''N, 103˚36'05''E), which is shown in Figure 1 as the center of the largest circle. This EQ is also known as Wenchuan EQ after its epicentral location in the Wenchuan County, Sichuan, but we call it "Sichuan EQ" in this paper.
The EQ epicenter was 80 km west-northwest of Chengdu, the provincial capital. The EQ was felt also in nearby countries and as far away from both Beijing and Shanghai (1500 and 1700 km respectively away from the epicenter), where office buildings swayed with tremor. Strong aftershocks, some exceeding the magnitude 6, continued to hit the area even months after the main shock as shown in Figure 1 by several circles, causing new casualties and damage. Figure 1 illustrates the locations of two stations of observing ULF magnetic field variations: Chengdu (abbreviated as CDP) and Xichang (XIC) as black diamonds. The magnetometer at those stations are of the conventional fluxgate type, and its sampling frequency is 1 Hz. The resolution in ULF measurement is 0.1 nT.
Data Quality Analysis
The subjects of seismogenic effects using ULF data are, 1) seismogenic ULF radiation from the lithosphere, and 2) depression of ULF magnetic fields (horizontal component) as a signature of lower ionospheric perturbations. The success of signal detection is known to depend not only on the nature and amplitude of observed signals, but also on the level of interferences at a station. The latter phenomenon seems to be very important especially in the case of studying field depression, when its value depends on minimal values of the magnetic field. The second panels correspond to the vertical Z component filtered in the same frequency range. The third panels illustrate the dynamic (frequency-time) spectra of H component at the two stations in the frequency range of f = 3 -100 mHz. The bottom two refer to the corresponding spectra of Z component. As you can see from these dynamic spectra, they suggest high interferences, in general, in the form of strong pulses which occur very regularly every hour and caused by ionospheric sounding transmitters. It seems that the level of interferences is higher at XIC than at CDP. The background level at these stations indicates not only strong pulses, but also some noise-like signals even between those pulses. Position of the local midnight LMN = 24-Lon/15 is shown by the vertical dashed lines; here Lon is the longitude of the site. It is the time when depression may reach maximal values [26] . Figure 3 illustrates a comparison of spectra of the horizontal magnetic field (H) averaged over nighttime on the same day at those stations. The nighttime interval is defined by LT = 22 h to 02 h (UT = 14 h -18 h), and the spectra averaged over night in Figure 3 is estimated on the basis of the information only between the pulsed interferences. Also the data from a Japanese standard magnetic observatory, Kakioka (KAK) (geographic coordinates, 36˚13'56''N, 140˚11'11''E) on the same day are plotted in Figure 3 for the sake of comparison. The interference is found to be much higher at Chinese stations than at Kakioka, especially in the frequency range above 0.01 Hz. Because this frequency range above 0.01 Hz is known to be optimal in the study of ULF depression [3] [26] [27] , this will cause some uncertainties on the possible results on the ULF depression. Figure 5 illustrate the temporal evolutions of magnetic field characteristics at both stations (CDP and XIC) for an interval from January to June, 2008 . We tried to analyze as long period as possible, but the observation itself at CDP started in the beginning of January 2008. Moreover some of intervals of data were lost due to extreme interferences. They are marked by horizontal dashed red lines. In each figure, the top panel shows the variations of seismic activity (Kls) (as a function of EQ magnitude and epicentral distance [3] ) and geomagnetic activity (Dst) (in nT). The magnetic field intensity (or power) (either horizontal (H 2 ) or vertical , the second two, the Z component (at the same frequency), the third two represent the dynamic spectra, and the bottom two refer to the Z component.
Analysis Results

Figure 4 and
(Z 2 )) is the one averaged over the above nighttime interval between the pulsed interferences, so that we have one datum per day. The second and third panels refer to the vertical (Z 2 ) and horizontal (H 2 ) magnetic field components, respectively. The fourth refers to the polarization as defined by [23] as the ratio of vertical to horizontal components (Z 2 /H 2 ). The fifth and sixth panels illustrate magnetic field depression equal to the inverse of horizontal magnetic field (1/H 2 ) and the variation of ULF depression (δDep) respectively. The definition of δDep is given in [27] [30] , but it is the ratio of daily variation of depression relative to its mean value for previous N days to the mean value. In other words it is a normalized variation of depression. In our case N is taken equal to 30 days. The frequency band is 0.01 -0.02 Hz (10 -20 mHz) after the extensive comparison of results in different frequency ranges. We have applied a special algorithm of data processing only to the intervals between the pulsed interferences. Moments of the possible foreshock which occurred on 26 February and the main shock on 12 May, 2008 are shown by vertical red dashed lines.
We summarize the observational facts as follows from Figures 3-5. 1) The obtained flat spectra at the Chinese stations at the frequencies larger than 0.01 Hz (10 mHz) make it probably more difficult for us to detect the ULF depression. Those interferences may be caused by not only local sources including PCs, pulsed power supplies etc., but also by inappropriate installation of sensors.
2) Pulsed interferences are likely to be caused by a local ionospheric sounding transmitter.
3) High level of interferences does not give a possibility to estimate a comparative value of depression. We conclude that the level of depression at XIC is always smaller due to the higher level of background at this station. 7) Depression and δDep are found to show a significant increase in the vicinity of (just before, a few days before) the EQs occurred on 26 February and the main shock on 12 May.
It is very unfortunate that the noise level or interference at our two Chinese stations is considerably higher as compared with that in Japan (KAK), especially at the higher frequency range above 0.01 Hz (10 mHz). The most optimal frequency range to detect the ULF depression is found to be 0.03 -0.05 Hz (30 -50 mHz) [3] [26] , so that it is unlikely that high noise levels at our two Chinese stations are favorable for the study of ULF depression, so that we are obliged to choose the appropriate frequency to study both effects of lithospheric radiation and ULF depression.
Conclusions and Discussion
Using the ULF data during several months around the 2008 Sichuan EQ, we performed detailed studies of temporal evolutions of magnetic field variations; horizontal (H 2 ), vertical (Z 2 ), inverse horizontal (1/H 2 ), and ULF depression (δDep) in different frequency bands. After having analyzed different frequency ranges, we have shown only the results at a particular frequency of 0.01 -0.02 Hz (10 -20 mHz) because we could identify something in this frequency range and also this range seems to be the upper limit with smaller interferences as shown in Figure 3 . We know that there are two possible effects in ULF range: 1) lithospheric radiation from the EQ hypocenter, and 2) depression of horizontal component as an ionospheric signature. Main conclusions from the present analyses can be summarized as follows for each item.
1) There is no clear (or definite) evidence on the presence of lithospheric ULF emissions.
2) A significant effect seems to be detected in the ULF depression and δDep a few days before the main shock on 12 May.
First, we discuss the first topic of lithospheric ULF radiation. When studying the radiation, we try to find anomalous enhancement in the magnetic field components. We have found that the horizontal magnetic field component (H) exhibited, at both stations, peaks prior to the 26 February EQ (M = 5.1) (probably a foreshock) and also before the main shock on 12 March. These peaks are found to take place only on a particular day as summarized as Point (5) and to be simultaneous at the two stations of CDP and XIC as seen from Figure 4 and Figure 5 . Also, the vertical component (Z) showed the corresponding peak on the same day. All of these suggest that these peaks are not local, but rather global in nature over the spatial scale of at least 300 km. The most probable origin of such a global disturbance of this spatial scale may be the effect of geomagnetic storms, but the comparison with Dst in Figure 4 shows no connection between the two. So, though the origin of these peaks is not well understood, it is not probable that they are related to seismic activity. Then, it seems that the vertical (Z) component at CDP does not show any significant changes, and no clear signature is seen at XIC. This inference might be furthermore supported by the previous observational fact [24] that the range of detection of seismogenic ULF radiation is on the order of 100 km for an EQ with M = 7, though there is no information on this value for M = 8. Of course, there is no reason to deny that those peaks are of seismic origin. Whereas, the polarization as suggested by [23] is found to be very effective in distinguishing seismogenic from other effects including geomagnetic activity [31] , and it shows a significant peak a few days before the EQ. This enhancement seems to be significant, but not so conspicuous.
The most evident observational result from this paper is the ULF depression (the second topic) as shown as δDep in both Figure 4 and Figure 5 . We consider its evolution in a separate Figure 6 . Herein top panel shows the evolution of seismicity and geomagnetic activity and next two panels are the copies of bottom panels of Figure 4 and Figure 5 . They reflect the evolutions of δDep at the stations CDP and XIC accordingly. Especially, at the station (CDP) closest to the EQ epicenter, we have observed clear depression a few days before the main shock on 12 May, and its value amounts to about 6. Furthermore, this ULF depression seems to be seen on the same days even at the station of XIC which is about 300 km from the EQ epicenter. Then, the similar ULF depression is seen at the station of CDP for the February 26 EQ, just before the EQ, and this kind of behavior is also seen at the station of XIC. The way of appearance of these depression effects seems to be a natural phenomenon, and these results would suggest that those are a seismogenic effect. This February EQ is likely to be a precursor to the following seismic events, and the growth of depression at CDP is characterized as an onset of seismic activity in this region. Finally, a few days before the main shock we observed a precursor to the main shock a few days before the EQ as a depression in ULF horizontal magnetic field as a signature of lower ionospheric perturbations.
There has been published one paper [19] on the ULF variations for this Sichuan EQ. The ULF data at several stations including the same station of CDP as in this paper, were analyzed, and his conclusion was as follows.
He applied the previous analysis methods such as polarization [23] and wavelet method, but no clear anomalous magnetic variations were observed for this EQ. The only one thing seeming to be associated with the EQ might be some anomalous variations in the power of second eigenvalue in the principal component analysis in January-March, 2008. As the most important point when analyzing the ULF variations in a noisy station, we have to pay the greatest attention to the study of noise spectra. Our study in this paper has yielded nearly the same result as [19] : no clear and definite signature of lithospheric ULF radiation for this 2008 Sichuan EQ, with the conventional statistical analysis as in this paper. We need more sophisticated analysis methods based on critical concept, such as fractal analysis [32] and natural time analysis [33] - [35] . However, we have succeeded in identifying the depression of ULF horizontal magnetic field as the signature of lower ionospheric perturbation, which occurs a few days before the EQ. Though there have been published several papers on the ionospheric plasma and wave characteristics before the Sichuan EQ on the basis of DEMETER satellite data [15] - [17] [36], the ground-based observation is definite to provide us with the detailed temporal evolution of different seismogenic phenomena when the number of stations is sufficient to form a network. We will compare our results on the lower ionosphere with those in the upper (F region) ionosphere based on the ground-based ionospheric measurements. Based on the network of ionosonde sounding, Liu et al. [10] have found that anomalies in foF2 occurred on 9 May, 3 days before the EQ. Then, Liu et al. [11] have indicated that the anomaly in TEC observation showed an anomaly on 9 and 10 May, a few days before the EQ. The same conclusion was obtained by [37] . The most evident result from this paper is the depression of ULF horizontal magnetic field on 9, 10 May, a few days before the EQ. This result is known to be the consequence of the perturbation in the lower ionosphere [9] . With taking into account these results altogether, we may come to the conclusion that the ionosphere both in the lower part and in the upper F region, is perturbed nearly on the same days before the Sichuan EQ.
To our knowledge, this paper is likely to be the first attempt to compare the perturbations both in the lower and upper ionosphere before an EQ. The normal lead time of seismic-related F layer perturbation is 3 -5 days [8] , whereas that for the lower ionospheric perturbation is about one week [7] . So, it seems that there may exist a significant difference of a few days between the lower and upper ionospheric perturbations. However, we have found close synchronism in temporal evolutions of ionospheric perturbations both in the lower and upper ionosphere, at last, for this Sichuan EQ, suggesting a common agent for both lower and upper ionospheric perturbations. This would provide us with a hint on the generation mechanism of seismo-ionospheric perturbations as discussed in [38] .
